Abstract-A new type of strain gauge has b e e n developed for measuring coil stresses i n superconducting magnets. It consists of commercial film-type strain gauges mounted directly on t h e pole-tip area of coil collar laminations. These gauges are extremely simple to manufacture, calibrate, and install in prototype magnets. We discuss the motivation for and design of these gauges, present results from calibration t e s t s performed at 3QQK and 4 2 K , and compare these results with calibration of existing beam-type transducer gauges. We discuss calibration reproducibility, reliability, and accuracy. We a1 s o present preliminary coil stress measurements u s i n g these gauges in a model quadrupole magnet during the collaring, yoking, cool down, and e x c i t a t i o n processes.
I. INTRODUCTION
The current-canying coils of superconducting magnets experience enormous stresses arising from the Lorentz forces between conductors during operation. If not sufficiently constrained, the coils can exhibit motion resulting from these forces, causing frictional heating or eddy currents, which can lead to a local increase in the conductor temperature. If this increase is sufficiently great, the temperature of the conductor may exceed the critical temperature -resulting in a quench.
This motion may also lead to degradation of the magnetic field quality, affecting the accelerator's performance.
To prevent mechanically-induced quenches and field quality degradation, it is vitally important to adequately support the superconducting coils, and to prevent their motion. This is customarily achieved by designing the coil support structure in such a way that the coils are compressed into the structure, providing a positive locating force (pre-load). This force must be maintained throughout the operational parameter space of the magnet. This requires, for example, that the contraction of the coils and associated support structure upon cool-down to LHe temperatures, and the effects of the Lorentz forces on the coil shape and location within this support structure, must be accounted for in the mechanical design. These effects are often calculated using finite-element methods, or analytical means; nevertheless one usually measures the stresses on the coils in model magnets directly in order to monitor their load characteristics, and to provide data for comparison with calculational methods.
One manner in which this stress measurement has been
Manuscript received August 26th, 1996 Work supported by United States Department of Energy performed in the past was by utilizing a bending-beam stress transducer outfitted with a commercial strain gauge [l] , commonly referred to as a beam gauge The use of such a device requires that the coil collar laminations, that constrain the coil, be modified to incorporate the transducer structure. Careful shimming of the device is also required so that it is mounted flush with the surrounding support surfaces, preventing the creation of surface discontinuities which would ]locally affect coil gre-load. It was found that these devices must be calibrated using short segments (typically ten) of superconducting cable laminated into a stack resembling a section of cured coil. This "ten-stack" provides a compliant interface between the gauge and the load applying device in the calibration apparatus, mimicking the behavior of a superconducting coil under load. In practice, calibration results are found to be sensitive to the Young's modulus of these ten-stacks [2] ; therefore they must be manufactured under controlled conditions so that their modulus matches consistently that of the actual magnet coil. The moduli of these ten-stacks also tend to change after many calibration cycles, requiring that they eventually be discarded and new ones fabricated. In order to eliminate some of these constraints inherent with the use of beam-type stress transducers, a different design of coil stress transducer was pursued, following work done at CERN [3] . This transducer type, known as a collar lamination or pole-tip strain gauge (PTSG), consists of commercially available strain gauges that are directly applied to the pole-face of the collar laminations that are used to support the coil. The benefit of this design is its ease of construction (no special machining of parts required), the elimination of the ten-stack during the calibration process, and ease of incorporation into prototype magnets.
DESIGN & CONSTRUCTION DETAILS
The pole-tip strain gauges consist of an unmodified collar lamination onto which are mounted 4 commercial strain gauges [4], in groups of 2, as shown in Fig. 1 . Two gauges are mounted on each pole face of the lamination, one set on the lead side and one on the return side (where the lead (return) side corresponds to the side of the lamination facing the lead (return) end of the magnet). Gauges are placed on both sides of the lamination so that bending effects can be eliminated from the strain readings by properly averaging leadreturn strain readings. The strain gauges we have chosen induced by the coil stress, the inner and outer strains are then averaged. If we let LE)^(,),(^) represent the calculated microstrain of the lead (return) inner (outer) gauge, then we can write the overall strain on the pole tip as place two gauge assemblies, thereby reducing possible variations in PTSG behavior due to assembly errors. The gauges themselves are placed on the lamination using a clear, CAD system-produced template to an accuracy of 0.025cm, and fixed using a commercial epoxy adhesive, cured at elevated temperatures [6] . After curing, voltage and current leads are soldered to the terminals of the gauges.
Compensating PTSG's, used to correct for temperature and magnetic field induced strains in the active PTSG's, are fabricated in a similar manner, except that only one gauge per side is used, and the pole area of the lamiination is machined in such a way that it does not act as a load-bearing surface (see Fig. 2 ).
CALIBRATION
In order to provide meaningful measurements of coil stresses, the pole-tip strain gauges must be calibrated at the temperatures at which they will be used. Room temperature calibrations are used in conjunction with strain gauge readings performed during the collaring and yoking/skinning procedures, to monitor coil stresses, while the cryogenic calibrations are needed during the magnet cool-down and excitation phases.
Calibrations have customarily been pehormed by applying a known force (typically representing stresses of 0 -I40MPa (0 -2x104 psi)) to the gauge transducer surface (via a tenstack) and measuring the resistance of the strain gauge at that load. Changes in resistance from the unstressed value, R, , are used to calculate strains, and a stress-strain relationship at that temperature is then generated. We have where E is the strain, R, is the measurad resistance of an active gauge at some applied stress 0, Ro, is the measured resistance for the unstressed active gauge at the appropriate temperature, and g is the gauge factor (typically -2.0). For convenience, the strain is usually multiplied by a factor of lo6, and expressed as micro-strain (PE).
In order to eliminate the effects that bending of the pole area might have on the strain gauge readings (since we are concerned primarily with compressive stresses), the measured strains of the lead side and return side gauges (calculated using (1)) are averaged. Then, in order to calculate a single strain value that is representative of the strain in the pole area In order to calibrate PTSG's, a fixture (shown in Fig. 3) to hold the collar lamination in the vertical plane while a stress was uniformly applied to the faces of the pole area was designed and fabricated. The pole area of the collar lamination is supported from undemieath by a steel support bar, and the applied load is transferred from the top plate to the pole face via the upper pressure bi2r. This fixture is mounted into a previously built calibration facility that offers manual control of the applied load, automatically reads out the strain gauge voltages, and calculates their resistances (typically -350Q) using the measured value of gauge excitation current (typically 2mA). This facility can be operated at room temperature (nominally 300K) and at boiling LHe temperature (4.2K).
A typical stress-strain curve for a pole-tip strain gauge assembly calibrated with this fixture at 300K is shown in Calibrations at cryogenic temperatures display the same general qualitative behavior in both cases, however the calibration constants are seen to increase, reflecting an increase in the modulus of the transducer materials. Calibration reproducibility for the PTSG's is typically a few percent, the errors resulting from resistance measurement errors (typically the equivalent of 10-20 PE) and applied stress measurement errors (typically 0.1 MPa). Calibration accuracy (as given by the difference between measured stress and that predicted by a linear fit to the stress-strain calibration) is on the order of 3-5%. (The linear fit to the calibration data is, of course, not generally valid for low values of measured strain (less than -100 PE) where the hysteresis and non-linearity is most pronounced.) In order to ensure that the calibration repeatability and accuracy is maximized, it is important to cycle newly fabricated gauges to 125150% of their maximum working range to reduce gauge zero-shifts [7] . Thus, each PTSG is cycled three times to roughly 200MPa before a calibration is attempted.
IV. RESULTS FROM MODEL MAGNETS
Several PTSG assemblies were fabricated and installed in short model quadrupole magnets at Fermilab, as part of the LHC High Gradient Quadrupole magnet R&D program IS, 9, 101. Magnet R54001, based on the successful Fermilab Lows quadrupole, had 3 active PTSG collars, in addition to 4 conventional beam gauges (2 measuring inner coil stress and 2 measuring outer coil stress). Magnet R54002 had 6 active PTSG's installed, along with 4 conventional beam gauges (as R54001). Coil stresses were measured for magnet RS4001 during collaring, yokingfskinning, cooldown to 4.2K and 1.8K, and at operating current. Coil stress measurements for magnet RS4002 were performed during collaring and yokinglskinning, and will be performed during future cold testing of the magnet.
The apparent strain induced by temperature changes of the gauge resistance and magnetoresistive effects must be subtracted from the measured strain of the active gauge. This apparent strain is calculated in the same manner, with R,, the measured resistance of the compensating strain gauge, substituted for R, in (l), and R,, the unstressed value of the resistance of the compensating strain gauge is substituted for R,. Before calculation of coil stresses from PTSG calibration data, apparent strains derived from compensating gauges are subtracted from the strains measured by the active gauges. Each model magnet was instrumented with one compensating gauge for each pair of conventional beam gauges, and two compensating PTSG's for each group of 3 active PTSG's.
A. Results for Magnet R.54001
Coil stress measurements for magnet RS4001 are shown in Table I . Pole-tip gauge measurements represent the average of 3 active gauges in a single magnet quadrant. Since the calibration fixture was not available when the PTSG's were installed in magnet R54001, a "generic" calibration (good to about 20%) from subsequent calibrations of identical PTSG' s has been applied to the pole-tip strain gauges in R54001. Data are shown for the collaring and yoking assembly procedures, and for initial cooldown to 4.2K and 1.8K with zero current, and at operating current at 4.2K and 1.8K (4930A and 6840A, respectively).
In general we find good agreement between the stresses measured by the PTSG's and the inner coil beam gauges at 300K and at initial cooldown to 4.2K. The geometry of the PTSG's is such that stresses measured with them would most closely correspond to those measured by the inner beam gauges. The calculations performed for this magnet using the ANSYS finite-element software indicate that substantial additional coil pre-stress should be supplied by the collar-yoke interference; however this is not observed in the data.
TABLE I MEASURED COIL STRESSES OF MAGNET R54001 in MPa
Apparently, the collar-yoke interferencie in the magnet, as built, does not match that expected from the design, or its effects are not well predicted by the finite-element model. The fact that upon cooldown to 4.2K the coil stress is nearly identical to that after collaring, implies that the aluminum collar deflection (and coil pre-stress) of R54001 is insufficient to ensure collarlyolke contact at cryogenic )temperatures.
From the beam gauge results, it is clear that magnet R54001 suffered a significant loss of coil pre-stress when operated at 1.8K. This was not wholly unexpected, as the production LPQ mechanical design was newer fully optimized for operation with superfluid Helium and high Lorentz stress. As the coil unloaded, the strains measured by the PTSG's approached zero, where the generic calibration is no loner valid. This, coupled with the known hysteresis as the gauge unloads, is believed to be the source of the discrepancy between the PTSG results and beam-gauge! results at 1.8K.
B. Results for Magnet R.54002
Magnet R54002 is, like R54001, a short model magnet based on the Low-p quadrupole cross section. Changes to R54002 include higher initial pre-stress , and higher clamping force in the end region of the magnet, as described more fully in 191. R54002 was instrumented with two inner and two outer beam gauges, and six active PTSG's. Compensating gauges of each type were also provided. All gauges were calibrated at 300K and 4.2K, and zero-stress resistances of the gauges were measured at 300K, 4.2K, and 1.8K. This magnet has not yet been cold tested, so we present the collaring and yokinghkinning data only, in Table 11 . The beam gauge data represents the average of stress measurements in two of the four magnet quadrants. The poletip strain gauge data represent the average of 5 of the 6 gauges for the collaring data, and 4 of the 6 gaugies for the yoking data. (One gauge malfunctioned throughout the measurements, and two additional gauges were lost before yoking took place. Changes in the assembily and installation procedure of the PTSG's are being considered in order to improve reliability.)
All of the gauges in R54002 show that the coil pre-stress increased by about 40-50% after the yokingfskinning procedure. Unlike magnet R54001, significant amounts of coil preload arise from the collar-yoke interference. It is believed that this additional pre-load will be retained to a greater degree upon cooldown of the magnet to 4.2K. 'The PTSG's exhibited stress readings about 10% greater than 
CONCLUSIONS
The pole-tip strain gauge (PTSG) has been shown to be a promising alternative to the beam-type strain gauge, offering simpler construction and calibration. However, results from installations in the two magnets discussed above do not conclusively exhibit a sufficiently high level of reliability and accuracy. Further studies utilizing a series of short model magnets and mechanical models will be pursued in order to better determine the operational characteristics of these gauges in actual magnet assemblies. Additional design changes to improve mechanical reliability and assembly techniques are also under consideration.
